Many researchers propose that invisible internal alterations that occur through exposure to environmental factors during fetal or neonatal stages aŠect the risk of cancer, hypertension, and diabetes after maturation. Barker's hypothesis, which states that reduced fetal growth is strongly associated with metabolic syndromes including cardiovascular disease and diabetes, has now been widely accepted and expanded into the Developmental Origins of Health and Disease (DOHaD). Potential molecular mechanisms underlying this phenomenon include the alteration and persistence of epigenomic programming. Clear biochemical evidence has not yet been obtained in human studies; however, in laboratory animals, the fetal environment including physical and chemical factors altered epigenomic states such as DNA methylation and histone modiˆcation, and persistent changes aŠected speciˆc gene expression regulation, resulting in disease susceptibility. Furthermore, in recent studies, environmental chemical exposure during pregnancy altered sperm DNA methylation patterns of male oŠspring, and the altered status and resulting phenotypes were inherited in the next generation. Challenging and eccentric studies focusing on epigenetic transgenerational eŠects are currently being conducted to demonstrate the existence of Lamarckian inheritance.
Introduction
Recently, several researchers have proposed that invisible alterations that occur as a result of exposure to environmental factors during fetal or immature stages in‰uence the risk of cancer, hypertension, and diabetes in adulthood. The molecular bases for disease susceptibilities are linked to epigenetics (1) (2) (3) (4) (5) . Various environmental factors surrounding pregnant mothers and infants could be potential stimuli for epigenome alternation. For example, nutrient changes, exposure to environmental chemicals, and physical stresses such as in-su‹cient care can alter the epigenome; thus, concern regarding chemicals that aŠect the health of the next generation has recently increased (6) (7) (8) (9) . In this review, several studies conducted on animals are presented to summarize the evidence that the fetal and neonatal environment can in‰uence epigenomic modiˆcations retained in later stages of life.
Epigenome Features and Mechanism of Their Structural Inheritance
In theˆeld of epigenetic research, a considerable amount of attention has been paid to DNA methylation and histone modiˆcation because these processes are the most important epigenomic features. Variations in the amino acid acetylation/methylation status of histone octamers in the nucleosome of speciˆc regions of chromatin and changes in DNA cytosine methylation patterns can be inherited by daughter cells after replication and cell division. Therefore, chromatin modiˆcation patterns are considered genetic information (epigenetic information or memory) (10) .
DNA methylation typically occurs at CpG sites, which are 5?-CG-3? dinucleotide sequences. Cytosine nucleotides of CpG are not methylated in newly synthesized DNA strands; thus, this double stranded state is called hemi-methylated DNA. Immediately after DNA replication, hemi-methylated DNA is recognized by Np95 (UHRF1) (11) , which is a component of the replication factory complex. This complex contains proliferating cell nuclear antigen (PCNA) and DNA methyltransferase 1 (DNMT1), which transfers a methyl group to the 5 position of unmethylated cytosine in the newly synthesized opposite DNA strand (12, 13) . By this simple mechanism, information with methyl-CpG patterns (methylation status) is maintained in the nucleus of the daughter cell. CpG sites occur at a relatively low frequency in the genome. Because methyl-CpG sites are more susceptible to mutation and are lost over time, Fig. 1 . A mechanistic representation of a hypothetical example of histone modiˆcation pattern inheritance. On newly synthesized DNA, parental histone H3-H4 tetramers are reused for the formation of the nucleosome of daughter chromatin. At the same time, newly synthesized histone H3-H4 tetramers are incorporated at random. The new histone marks (e.g., acetylated lysine) are erased by HDACs. Methylated marks derived from parental histones neighboring newly incorporated histones are recognized by HP1, which forms a complex with HMT. Erased marks in the newly incorporated histones are quickly methylated by HMT. In this manner, histone modiˆcation patterns in a speciˆc region of the genome are precisely copied (19) .
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CpG clusters or CpG islands are located on a speciˆc region of the genome, i.e., gene promoter and exon 1. CpG methylation negatively regulates gene expression because transcription factors cannot bind methyl-CpG containing elements (14) . Thereby, CpG islands of cell type speciˆc regulatory genes are methylated followed by further chromatin modiˆcation. This chromatin remodeling including CpG methylation is highly correlated with cellular transformation and diŠerentiation (15, 16) .
A histone octamer composed of one H2A, one H2B, two H3, and two H4 proteins is one unit of the nucleosome. Acetylation and methylation of acidic amino acid residues (lysine and arginine) in the amino-terminals of histone H3 and H4 are major epigenetic marks. In addition, phosphorylation, ubiquitination, sumoylation, ADP-ribosylation, and biotinylation are other chemical modiˆcations of the histone tail (17) . Histone acetylation and methylation are attuned to transcription activation and chromatin inactivation, respectively. Patterns of the covalent modiˆcations of histone tails are extremely varied due to the number of modiˆable amino acids and the possible combinations of substitution. Code information other than nucleotide sequences was advocated as the histone-code hypothesis; however, this theory is currently disregarded (18) . Nevertheless, these histone-based modiˆcation patterns must in‰uence region speciˆc chromatin structure, resulting in diŠerences in the level of gene expression. Many mechanistic models have been constructed to explain how histone modiˆcation patterns are inherited by daughter cells. In particular, a random distribution model is shown in Fig.  1 (19) . On the newly synthesized DNA, parental histone H3-H4 tetramers are reused for the formation of the nucleosome of daughter chromatin. At the same time, newly synthesized histone H3-H4 tetramers are incorporated into the daughter nucleosome at random. Newly synthesized histone marks, e.g., acetylated lysine, are erased by histone deacetylases (HDACs). Methylated marks derived from parental histones that are next to newly incorporated histones are recognized by heterochromatin protein 1 (HP1), which forms a complex with histone methyltransferase (HMT). Subsequently, erased marks in the newly incorporated histones are quickly methylated by HMT. In this manner, histone modiˆcation patterns in a speciˆc region of the genome are precisely copied. In addition, a semi-conservative model in which only dimers of H3-H4 tetramer are reused during nucleosome formation and an asymmetric model in which interactions between two newly synthesized DNA strands have been proposed for the regulation of histone modiˆcation copying (10, 18, 19) .
Other than DNA methylation and histone modiˆcation, non-coding RNA, microRNA, and polycomb group (PcG) protein complex are epigenetic factors that modulate chromatin higher structure and in‰uence the cellular phenotype (20, 21) . These varieties of macromolecular architectures may regulate and integrate epigenome inheritance.
Human Disease and Epigenetics
In the retrospective cohort studies of David Barker and colleagues conducted in the United Kingdom, in which the country was divided into 212 local authority areas, a strong geographical relationship was observed between ischaemic heart disease mortality rates in 1968-78 and infant mortality in 1921-25 (1) . Based on detailed epidemiological studies regarding the relationship between mother's birth weight and blood pressure, they concluded that babies who were small at birth or during infancy displayed increased rates of cardiovascular disease in adulthood (2) . Moreover, they proposed the thrifty phenotype hypothesis, in which epidemiological associations between poor fetal and infant growth and the subsequent development of type 2 diabetes and metabolic syndrome are due to the eŠects of poor nutrition in early life, which produces permanent changes in glucose-insulin metabolism (22) . The aforementioned theory is Barker's hypothesis, in which low maternal nutrition causes metabolic syndrome in oŠspring. Later termed the Developmental Origins of Health and Disease (DOHaD), the theory was expanded from Barker's hypothesis into the more general theory that health and disease susceptibility in the next generation depends on the environment surrounding the fertilized egg and fetuses in uterus, and throughout the neonatal life time (3, 4, 23) .
Several attempts have recently been made to explain this phenomenon. The most reliable molecular mechanism underlying DOHaD is that epigenetic alternations that occur during the sensitive stage of fetus and newborn development persist into adulthood (5) . In human studies, clear biochemical evidence has not yet been obtained; however, in laboratory animal experiments, the fetal environment, including physical and chemical factors altered epigenomic states such as DNA methylation and histone modiˆcation and persistent changes, in-‰uenced speciˆc gene expression regulation (5) . DOHaD has become more than a hypothesis and has been accepted by the clinicalˆeld. In the next section, animal studies related to DOHaD will be described.
Many carcinogeneses are known to be caused by aberrant DNA methylation, which is partially acquired in later stages of development. The hypermethylation of tumor suppressor genes such as pRB or p16 is involved in retinoblastoma and epigenetic carcinogenesis (24, 25) . Clinical researchers are now considering epigenetic aberrations during carcinogenesis because DNA methyltransferase inhibitors are useful for cancer therapy (26) (27) (28) . Thus, concern about chemically-induced epigenetic carcinogenesis in the next generation is increasing (6, 8) .
Animal Models Representing Epigenomic Changes Due to Perinatal Environmental Factors
Recently, a number of reports based on experimental animal models such as rats and mice demonstrated that in utero or neonatal nursing environmental stimuli altered DNA methylation and histone modiˆcation, which can persist into adulthood and potentially in-‰uence the phenotype (5, 29) . In most of these reports, clear and signiˆcant changes in the epigenome of speciˆc target genes were detected. As described brie‰y below, in many of these reports, environmental chemicals including endocrine disruptors, which do not have mutagenic activities, were evaluated. Several leading papers are summarized in Table 1 .
In rats, naturally occurring variations in maternal care in‰uence the sensitivity of oŠspring to stress in adulthood. Meaney and colleagues at McGill University reported that the oŠspring of mothers that exhibited more licking and grooming of pups showed reduced plasma adrenocorticotropic hormone and corticosterone responses to acute stress, increased hippocampal glucocorticoid receptor (GR) mRNA expression, and enhanced glucocorticoid feedback sensitivity (30) . Increased pup licking and grooming and arched-back nursing by rat mothers altered the oŠspring epigenome at a Gr gene promoter in the hippocampus, i.e., hypomethyaltion of CpG and increased histone acetylation and transcription factor (NGFI-A) binding (31) . These studies revealed that maternal care determines oŠspring stress resistance in adulthood due to an altered level of epigenomic states in the brain.
Viable yellow (A vy ) mice are larger, obese, hyperinsulinemic, more susceptible to cancer, and shorter lived than their non-yellow siblings (32) . They are epigenetic mosaics ranging from a yellow phenotype with maximum ectopic Agouti gene overexpression through a continuum of mottled Agouti/yellow phenotypes with partial Agouti overexpression to a pseudoagouti phenotype with minimal ectopic expression (32, 33) . This marked phenotypic change is signiˆcantly associated with the methylation level of CpG sites in an intracisternal A particle (IAP) retrotransposon upstream of the transcription start site of the Agouti gene. Feeding pregnant dams methyl-supplemented diets alters the epigenetic regulation of Agouti expression in their oŠspring, as indicated by increased Agouti/black mottling in the direction of the pseudoagouti phenotype (34) . Maternal dietary genistein supplementation shifted the coat color of heterozygous viable yellow oŠspring toward pseudoagouti by hypermethylation of CpG sites in the retrotransposon of the Agouti gene (35) . Furthermore, maternal exposure to bisphenol-A, an endocrine disruptor, shifted the coat color toward yellow by hypomethylation of retrotransposon CpG sites. Moreover, mater- (36) . Diethylstilbestrol (DES), a nonsteroidal estrogen, induces developmental anomalies in the female reproductive tract including vaginal cancer in humans perinatally exposed to DES. The expression of homeobox gene Hoxa10, which controls uterine organogenesis, is repressed in DES-exposed mouse oŠspring (37) . In the mouse model, CpG methylation frequency in the Hoxa10 intron was greater in DES-exposed oŠspring than control mice and was accompanied by increased expression of DNMT1 and DNMT3b.
Perinatal exposure to methylmercury causes persistent changes in learning and motivational behavior in C57BL/6 mice. Behavioral alterations are associated with a decrease in brain-derived neurotrophic factor (BDNF) mRNA in the hippocampal dentate gyrus. In this mouse experiment, methylmercury exposure caused the chromatin structure at the Bdnf promoter region to enter into a long-lasting repressive state. In particular, DNA hypermethylation, an increase in histone H3-K27 tri-methylation, and a decrease in H3 acetylation were observed at promoter IV (38).
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic environmental pollutant. Short term exposure of preimplantation ICR mouse embryos to TCDD (10 nM) during the 1-cell stage to the blastocyst stage resulted in reduced fetal weight compared to unexposed preimplanted embryos. A decrease in the level of expression of imprinted genes H19 and Igf2 was observed, along with in an increase in the methylation frequency of the H19/Igf2 imprint control region due to an increase in the paternal methylation status (39) .
Perinatal exposure to a low dose of TCDD (environmental contamination levels) induces various types of developmental abnormalities in the oŠspring of laboratory animals (40, 41) . The cellular target molecule is an arylhydrocarbon receptor (AHR), which mediates every outcome of low dose TCDD toxicity (42) . AHR can bind to polycyclic aromatic hydrocarbon mutagens such as benzo[a]pyrene (BaP) and 7,12-dimethylbenz[a]anthracene (DMBA) and can transactivate downstream target genes, including cytochrome P450 (CYP) family 1A1 and 1B1, which are phase I drug metabolizing enzymes (43) . Using its monooxygenase activity, CYPs convert the mutagen into a reactive epoxide, which produces a covalent bond to the guanine residue in DNA and results in nucleotide mutation (44) . In contrast, TCDD is a stable compound in the environment and living bodies; thus, TCDD cannot bind to DNA directly and induce mutations in nucleotide sequences. Female Sprague-Dawley rats exposed to TCDD in the fetal stage were more prone to DMBA-induced mammary tumors in adulthood than control rats (45) . Very low doses of 3,3?,4,4?,5-pentachlorobiphenyl (PCB126), which has a similar bioactivity to that of TCDD, had the same eŠect on DMBA-induced mammary tumor models when administered during pregnancy (46) . Moreover, the induction state of Cyp1a1 and Cyp1b1 genes in the liver were enhanced after DMBA injection (47) . The acceleration of Cyp1 transcription resulted in higher carcinogenic susceptibility due to epigenetic alternations. In our laboratory, we demonstrated that C57BL/6J mice administered TCDD during the fetal stage showed a higher incidence of forestomach cancer due to BaP injection and enhanced induction of Cyp1a1 mRNA by TCDD re-administration in adulthood. Methyl-CpGs level of the Cyp1a1 promoter region, which includes Ahr-binding xenobiotic response elements, is involved in TCDD induced transcription activity in LNCaP cells (48) . The methylation frequency of the Cyp1a1 promoter region in the liver DNA of mice exposed to TCDD was signiˆcantly lower than that of the control mice. Moreover, acetylation levels of histone H3 and H4 were signiˆcantly higher in TCDD-exposed mice (unpublished observations).
In laboratory studies conducted on animals, substantial evidence suggests that perinatal exposure to chemicals alters the epigenetic program of sensitive organs and persists into adulthood, aŠecting disease susceptibility. The mechanism of epigenomic status modulation, CpG hyper/hypomethylation, and maintenance of increased histone acetylation/methylation is still unclear; however, investigations are currently being conducted by many researchers.
Transgenerational EŠects and Possible Lamarckian Inheritance
According to Barker's hypothesis, oŠspring phenotypes such as cardiovascular disease, risk of cancer, hypertension, and diabetes are thought to be inherited by the next generation (49) . The epigenome alternations summarized in the present review can be inherited by the later generation via germ cell lines. Skinner and colleagues at Washington State University administered endocrine disruptors, fungicide vinclozolin and pesticide methoxychlor, to pregnant Sprague-Dawley rats to investigate spermatogenic defects and other toxic endpoints in male oŠspring (50) . Transient exposure of vinclozolin, which does not display mutagenic activity, induced decreased spermatogenic capacity in adult phenotypes of the F1 generation (sperm count and viability) and increased incidence of male infertility. These eŠects were transferred through the male germ line to nearly all of the males of subsequent generations, i.e., F1 to F4 (50, 51) . Moreover, male rats whose progenitors had been treated with vinclozolin showed lowered mate preference from control females (52) . Using an arbitrary primer PCR and methylation sensitive restric-tion enzyme HpaII, the authors demonstrated that the methylation pattern of lysophospholipase (Lplase) and cytokine-inducible SH2 protein genes was altered in the epididymal sperm DNA of F2 and F3 animals (50) . Most recently, using a methylated DNA immunoprecipitation technique based on methyl-cytosine antibodies and a promoter tilling microarray (MeDIP-Chip) procedure, Skinner and coworkers identiˆed 52 diŠerent regions in the sperm promoter epigenome with altered methylation patterns due to maternal exposure of vinclozolin (53) . The series of studies conducted by Skinner's group suggest that a phenotype can be acquired by maternal exposure to environmental factors, leading to evolutional changes in animals. However, these studies are somewhat controversial because experiments focused on Lplase gene hypomethylation have not been reproduced using an identical protocol (54) .
Compared to the oŠspring of males fed a control diet, the oŠspring of males fed a low-protein diet exhibited elevated hepatic expression of many genes involved in lipid and cholesterol biosynthesis and decreased levels of cholesterol esters (55) . Epigenomic proˆling of oŠspring livers via deep sequencing technology revealed numerous changes in CpG methylation due to alterations in the paternal diet, including reproducible changes in methylation over a likely enhancer for Ppara, a key lipid regulator. The results indicated that the parental diet can aŠect cholesterol and lipid metabolism in oŠspring, and a model system to study the environmental reprogramming of the heritable epigenome was deˆned. Acquired characteristics in the next generation may be inherited through the epigenome of paternal germlines. However, diŠerences in sperm DNA methylation were not detected via deep sequencing (55) . The epigenetic inheritance of RNA molecules has been described, and the expression of unusual Kit RNAs in the male germline (spermatozoon) of mice resulted in a phenotypic eŠect (on coat color) on the progeny of aŠected mice. In particular, two genetically identical mice diŠered phenotypically based on their parents' genotypes (56) . These reports imply that untranslated RNAs can be potent epigenetic modulators for transgenerational eŠects on acquired characteristics rather than DNA methylation (57) .
In the middle of the last century, Lysenko, a Russian plant biologist, emphasized his theory by conducting nutritional hybrid experiments and suggested that a white albino tomato could be transformed into a red tomato. Moreover, he suggested that autumn wheat could become spring wheat by applying low temperature treatments; however, little evidence was presented in these experiments. The aforementioned work was based on Lemarckian inheritance, i.e., the inheritance of an acquired phenotype. The theories of Lamarck and Lysenko have been neglected in the twentieth century.
However, the name of Lysenko, a very infamous one, is rising again in this century, due to the growth of epigenetics (58) . Epigenetic transgenerational eŠects may alter germlines, and unknown factors other than DNA methylation or non-coding RNAs may be involved. The progress of research on acquired phenotypes will have a signiˆcant eŠect on perinatal medical aspects.
